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Abstract 
With the ever increasing demands for higher and higher accuracy on modern CNC equipment, the manufacturing 
processes for machining and assembling the structural components are an increasingly important factor in 
establishing a geometrically correct machine tool.  Specifically, flatness, perpendicularity, parallelism, and 
straightness of interfacing surfaces determine whether the machine tool’s basic accuracy.  Exhibiting less geometric 
error allows other errors such as thermal growth, ballscrew pitch error, and control error to be isolated and more 
easily corrected. 
The geometric errors are predominately a factor of the machine tool machining and assembly process.  Multiple 
orientations during fixturing in both assembly and machining result in significant distortions to the final assembled 
product.  These are a result of cutting forces, fixturing deformations, gravity deformations, and bolt force 
deformation.  By analyzing each process in detail using virtual simulation techniques, a high-fidelity model of the 
corresponding error at each manufacturing step can be achieved that is not physically measurable due to constraints 
of measurement equipment.  Using simulated data as offset data in the machining process as well as in the jig and 
fixture design ensures a geometrically accurate final product. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
Precision manufacturing of machine tools is very evolutionary 
in nature.  Incremental experience based improvements are 
steadily achieved and as the machinery itself advances in 
precision, the components that make up the next generation of 
machines also improve.  This, together with value added by 
skilled craftsman results in ever increasing accuracy of 
machine tools.[1]  However, decreasing product life cycle 
times and competitive nature of the machine tool industry 
dictate that incremental improvements to machine tool 
accuracy are not sufficient.  Moreover, the practical limit of 
cost effective machinery to produce parts with high precision 
puts a physical limit on the level of precision that can be used 
in the manufacturing process.[2]  Processes that produce 
tighter tolerances than conventional machining and grinding 
tend to be cost prohibitive and are not able to be widely 
adopted into the process chain.  It therefore becomes 
important to find a way to improve the process using 
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equipment that is currently available.  The machine checked is 
the NHX4000, a 400 mm pallet horizontal CNC machining 
center produced by DMG Mori Seiki in Davis, CA. 
 
 
Fig. 1 DMG Mori Seiki NHX4000 
1.1. Virtual modeling uses in machine tools 
A very promising method that could be used to analyse the 
manufacturing process is Finite Element Modelling and other 
forms of virtual simulation.  In the last five years, computing 
power has become mature enough to handle full complex 
models of machine tool systems in a very short amount of 
time.  As an example, DMG Mori Seiki’s Digital Technology 
Laboratory (DTL) purchased a 32 node Linux cluster for 
running simulation’s that took a desktop PC 30 days to solve.  
That cluster computer shortened the time to one day!  Today, 
a desktop is able to beat that performance so virtually any 
level of computer simulation is now possible for machine tool 
systems.  
 
Significant research has been done on how to use virtual 
modelling to test machine tool designs performance and is 
well summarized in a CIRP keynote paper by Altintas, et al. 
in 2005.[2]  Research successfully accomplished has 
modelled machine tools from component level to full virtual 
prototype to prove that the traditional design cycle could be 
realistically shortened by eliminating physical prototype 
iterations.  Analyses completed range from simple static 
rigidity models to complex dynamic models and thermal 
models.  While there is still improvement to be made, this 
method of machine tool virtual simulation has rapidly become 
mature. 
 
Another area that has been well studied is the use of FEM for 
the micro performance of individual components that have 
complex internal behaviour such contact models for 
ballscrews and damping behaviour of motion components.  
Robust component models are useful for improved product 
quality and also for developing higher bandwidth control 
algorithms. [3]  Detailed contact models have been used to 
assist empirical testing of components to find damping values 
which are recycled for use in overall machine dynamic 
models.[4] 
 
Another considerable research area simulation is applied 
toward is simulation of the cutting process itself.  These types 
of physical phenomena are often very difficult to add 
instrumentation and thus simulating the interaction is highly 
desirable.  It is used to model cutting processes for surface 
finish determination, burr formation, chip formation, 
temperature dispersion, tool wear, and so on. [5] [6] Use in 
the prediction of chatter and cutting stability can also not go 
unmentioned. [7] 
 
It is clear that computer modelling techniques are widely used 
for the benefit of machine tools and machining.  However, 
this technology has not been deployed to study the 
manufacturing process of the machine tool itself.  This is 
perhaps due to the proprietary nature of precision machine 
tools.  Regardless, there is ample opportunity to apply 
simulation technology in order to improve the accuracy of 
machine tools.  To achieve greater accuracy, the analysis will 
show areas of improvement to be made.  This includes 
integration of cutting forces, fixture design, assembly order, 
and so on. The fixtures and jigs to put the machine together 
for high accuracy and repeatable accuracy are also very 
important and are examined.  This will be a natural result of 
the analysis carried out above. 
1.2. Geometric measurable error sources 
Carrying out a machine tool analysis using virtual modelling 
applies itself to only certain errors.  Specifically, the errors 
that can be corrected for are geometric in nature and 
measurably repeatable.  Many papers articulate geometric 
errors clearly.  They are generally position dependent.  In the 
case of rotating axes, the linear geometric errors may be 
assumed to be negligibly small compared to rotary axes error. 
[8]  However, the methods of improving the accuracy of the 
machine tool production process are applicable to machines 
tools of any configuration.  Furthermore, linear motion errors 
compound the uncertainty of rotary axis error compensation 
[9] and are advisable to minimize as much as possible.  This 
research will focus on errors that are a result of the 
manufacturing process and can be corrected once identified. 
2. Manufacturing process chain statistical analysis 
In manufacturing precision CNC equipment, it is extremely 
difficult to significantly reduce cost while maintaining 
product quality.  Therefore, analysing the variables in the 
production cycle systematically and identifying key focus 
areas for improvement has potential to provide maximum 
improvement, both in cost and accuracy/quality, while 
maintaining minimal disruption to production.  Attempting to 
analyse and optimize every measurement and tolerance would 
be ideal, but practically it is not feasible.  It is also highly 
desirable to establish a statistical link to key areas in the 
manufacturing process to the final accuracy of the machine 
tool.   
 
To do so, a statistical analysis of the XY plane was carried 
out.  A machine tool is a complex machine with hundreds of 
measurements and inspection points, only the most relevant 
for common cutting operations need be analysed.  Most 
cutting is 2D contouring in the XY plane so the measurements 
that directly affect the XY accuracy in the kinematic chain 
were used to investigate a statistical relationship.  In order to 
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get a reasonable sample size, 30 machines were sampled out 
of a population of approximately 150 machines produced.   
 
In order to conduct a statistical analysis, the form of the data 
had to be established.  That is, to make assumptions relying 
on the normal distribution of data, the data had to be checked 
for normalcy.  A normal plot using the Z score is an 
acceptable way to establish a normal distribution.[10] The 
normal plot of the double ball bar circularity measurement has 
a linear regression line with an R2 value of 0.96 which is 
highly linear.  Other data sets had similar behaviour so it was 
assumed that the data sample of 30 machines had a normal 
distribution and basic assumptions regarding a normal 
distribution can be applied. 
 
Fig. 2 Normal plot for checking distribution type of DBB data measurement 
Table 1 30 NHX4000 machine sample statistics of DBB measurement 
DBB measurement 30 Machine Stats 
Mean 0.003997 
Standard Error 0.000125 
Median 0.004 
Minimum 0.0025 
Maximum 0.0049 
Confidence Level(99.0%) 0.000345 
 
The method used to compare each parameter was to obtain 
correlation coefficients between the initial machining results 
and the final accuracy tests. Thus, developing correlation 
matrices among the measurements was done. This allowed a 
quick view of what parameters may have strong, moderate, 
weak, or no relationship.  Coefficients over 0.4 are strong 
while those over 0.3 are moderate. [10] 
Table 2 Correlation coefficient example between DBB measurement and X-
axis machining result 
 
 
It was determined that there is a very strong correlation 
between the circularity and straightness in the cutting tests of 
the assembled machine to the individual casting accuracy.  
The X-axis had the strongest correlations.  The Y-axis sits on 
top of the X-axis and errors of the X-axis are propagated 
through this kinematic chain to the tool tip.  Additionally, the 
large moving mass on top of the X-axis causes local 
deformations so the initial accuracy of the X-axis directly 
adds to this local deformation.  Furthermore, the X-axis 
casting (bed) is machined on a large Toshiba Gantry mill 
(MPC) while the Y-axis (column) is machined on a compact 
horizontal machining center (NHX10000).  The NHX10000 
exhibits a higher degree of accuracy and repeatability than the 
Toshiba MPC. 
 
The conclusion of the statistical analysis was that improving 
the geometric qualities of the X, Y, and Z axes of the casting 
machining with an emphasis on the X-axis would result in 
directly improved final machine tool accuracy. 
3. Machining Process 
The machining process involves a variety of variables.  The 
two that are examined closely in this paper are the 
deformations due to the fixture design and also the 
deformation due to the cutting force itself.  Gravity is a 
default load set that is applied across the entire manufacturing 
process. 
3.1. Effect of fixturing 
The fixtures used in machining have four criteria that must be 
analysed 
 
1. Deformation of casting due to large clamping force 
2. Sufficient support of the casting for minimal deformation 
during machining 
3. Neutral positioning to avoid spring back after cutting and 
fixture release. 
4. Adequate support and orientation to minimize 
gravitationally induced deformations. 
 
 
Fig. 3 NHX4000 column fixture for machining 
In the case of the NHX4000, the fixtures were largely found 
to be of sufficient design in terms of support and clamping 
with one exception.  The lower right clamp shown in Fig. 3 is 
offset from the support which results in an almost 2Pm 
displacement indicated in Fig. 4. 
GXY(CW) GYX(CCW) G(b)
Left Rear Straightness 0.1143 0.0427 -0.277
X Front Rail 
Straightness 0.3181 0.3389 0.4159
Rail Parallelism 0.3492 0.3919 0.6093
DBB coefficients
X-
Ax
is
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Fig. 4 Deformation of lower right clamping location NHX column due to 
clamping force 
Due to machine constraints, casting components may need to 
be machined in orientations differing from the assembled 
orientation.  This can result in excessive gravitational 
deformation for some sections of the casting.  In the case of 
the column shown below, the horizontal fixture orientation 
results in a Y-axis straightness error of greater than 4 Pm. 
 
 
Fig. 5 Upper Y-axis rail deformation due to gravity 
 
Fig. 6 Y-axis rail deformation plot when fixture for machining 
The bed casting had similar results, but because it is machined 
in the orientation of assembly, the self-gravitational effect is 
cancelled and the machining fixture is more robust for the 
bed. 
3.2. Contribution of cutting forces 
Cutting forces can be fairly easily predicted and added to the 
simulation.  Altintas proposed a generalized cutting force 
model suitable for a wide range of cutters with given 
geometry and cutting conditions. [11], [12] Notably, the 
cutting force effect was small in comparison to the 
gravitational effect and was decided to be assumed negligible 
in the study. 
4. Assembly Process 
4.1. Jig and fixture design 
Parts of the machine tool are assembled in separate units as 
much as possible for optimal efficiency.  X and Z rails are 
installed directly onto the bed, but the Y-axis rails are 
installed to the column in an independent station.  For 
assembly workers to efficiently place and measure the rails 
during installation and adjustment, the column must be placed 
in the horizontal orientation on a jig with the rails facing 
upward.  For stability and safety, a four point fixture was 
originally designed as in Fig. 7. 
  
 
Fig. 7 Four point support for column first assembly step 
Analysis showed a severe sensitivity to jig adjustment.  Only 
a 4 Pm increase in the height of one jig support resulted in a 
parallelism error of 3.5 Pm for the Y-rails.  In this case, the jig 
legs do not have micron level adjustment capability as their 
height adjustment is determined by regular SAE machine 
threads.  Therefore, assembly adjusts for parallelism in an 
artificially deformed state.  The deformed state releases after 
the column is removed from the jig and set upright resulting 
in the Y-axis losing parallelism.  Since parallelism is highly 
dependent on the fixture adjustment, the deformation is also 
non repeatable and cannot be compensated during machining. 
 
 
Fig. 8 3.5 Pm Y-axis out of parallel deformation due to misaligned assembly 
fixture 
The solution found was to use a three point support for the 
column during rail fixing.  Although the column still deforms 
due to gravity, both rails deform nearly symmetrically and 
there is no sensitivity to small height changes of the fixture.  
This is discussed in more detail in section 4.2. The result is a 
repeatable gravitational deformation that can be compensated 
in the machining step.   
 
 
Fig. 9 Three point support fixture for column first assembly step 
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4.2. Orientation of structure 
When a component such as the column is assembled in an 
orientation conducive to efficient assembly work as discussed 
in the previous section, gravity will play a role in the 
measurements of that step.  This gravitational effect can be 
effectively cancelled out by understanding what deformations 
are present and subsequently accounted for during the 
assembly adjustment process.  
 
When using three point support, the column will deform, but 
it will be predictable, dependent on the locations of the three 
points. Therefore, it is necessary to always use the same three 
point locations each time measuring the column to ensure 
measurement repeatability.  In addition, since it is desirable to 
measure parallelism of the Y Rails accurately, points should 
be selected that cause a balanced Z-direction deformation of 
the rails. Also, both Y rails deform in equal amounts so 
parallelism is preserved when the column is reoriented. The 
diagram below shows the three point locations selected based 
on FE analysis gravity deformations. The point is offset 
slightly towards the motor bracket side.  This offset 
counteracts the larger mass on that side.  The same locations 
are used during QC and assembly. 
 
Fig. 10 three point support locations column for first assembly step 
4.3. Assembly order and non-moving masses 
The order in which components are secured to the machine 
body creates large local deformations in the machine tool 
structure due to the large mass of each component.  When 
tight tolerances of the axis motion systems have been secured 
in early stages and then large masses are added secondary to 
the accuracy setting, the fidelity of each axis’ accuracy can be 
completely lost.  This may not always be apparent in final 
accuracy testing as the whole machine envelope is not 
typically tested and local deformations may adversely affect 
only a localized section of the envelope.  However, detailed 
inspection of the entire machine envelope will reveal 
deficiencies in various working envelope locations.  
Therefore, it is advisable to check the effect of adding mass at 
each assembly step through FEM. 
 
One method of reducing this affect is to fix motion 
components after installing heavy subunits in the assembly 
process.  However, in many cases this is not feasible because 
access to the work area is inhibited when subunits are 
attached and also because the casting itself still sees the 
deformation. 
 
A more robust and efficient solution is to simulate the 
assembly order piece by piece and record the resulting 
deformation.  Since this is highly repeatable, machining 
compensation can be done directly to the castings to offset the 
deformation and obtain a neutral deformation after assembly 
of subunits.   
 
 
 
 
Fig. 11 Large deformation effects of masses added during assembly 
4.4. Effect of moving components 
The final analysis performed checked the effect of assembled 
machine axis movements under gravitational loading.  For the 
X-axis, relative tool positions are higher at mid-stroke, due to 
disparate deformations between the front and rear X-rails on 
the bed.  The rear X-rail has a positive bow while the front X-
rail has a negative bow as the column moves along the X-
stroke.  The resulting differential in rail heights propagates to 
a 2.3 Pm error in Y at the tool tip from the end to the middle 
of the stroke!  The adjustment method is a positive crown on 
rear rail.  The data is illustrated in the following figures. 
 
 
 
Fig. 12 Opposing deformation of X-rail front/back during X-axis motion 
 
Fig. 13 FEM model of moving X-axis components 
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5. Final machining results 
5.1. Machining plan 
Each component had a machining plan developed for it 
based on each of the previous analysis results.  This plan is 
cumulative.  In the case of the column, crowning should be 
opposite of deformed shape during Y stroke. Measurement 
during the QC process should be gravity deformation when 
supine plus crowning deformation minus gravity deformation 
when upright.  An example of one surface machining 
compensation target is supplied in Fig. 14. 
 
 
Fig. 14  Column machining plan deliberate reverse deformation curve 
5.2. Comparison with other plant 
The analysis of the production process was conducted in 
Davis, Japan.  DMG Mori Seiki also has a plant in Iga, Japan 
producing the same NHX4000 machine.  To understand if the 
methods employed in Davis are really making a difference, a 
box plot of Davis and Iga results was constructed.  Not only 
do the results show an approximate 20% improvement from 
Davis to Iga for the average, the Davis data has less variation 
and few extreme outliers as well which indicates the analysis 
process not only adds accuracy to the final product, but 
consistency as well. 
 
It is important to note that all final machine measurement 
improvement is based on international ISO standards.  ISO 
230 is used for final QC measurement and ISO 10791 is used 
for final QC cutting tests.  Maximum tolerances are 5 Pm for 
circularity and 8 Pm for straightness measurements. 
 
6. Conclusions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
An innovative use of existing virtual simulation technology 
has been proposed and implemented.  A series of cutting 
profiles for each part was calculated by cumulatively adding  
all the effects previously explained.  For these to be valid, a 
specific order and orientation plan for the QC steps and 
assembly process were also delivered.  The cumulative result 
to finished machines is indicating up to 20% improvement in 
overall accuracy for the final NHX4000 product. 
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Fig. 15 Davis (blue) vs Iga, Japan (orange) measurement results for comparison purpose 
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